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Abstracts

The code DYN3D/M2 consists of the 3-dimensional neutronm kinetic model of the code HEXDYN3D
and the thermohydraulic model of the code FLOCAL. The neutron kineties of DYN3D/M2 is cal-
culated by using a nodal expansion method (MEM) for hexagonal geometry. The develeped method
solves the neutron diffusion equation for two energy groups. Stationary state and transient
behaviour can be calculated. By help of the code PREPAR-EC parameterized neutron physical
constants of given burnup distribution can be transferred from the MAGRU library to an in-
put file of DYN3D/M2. The code FLOCAL consisting of a two-phase coolant flow model, a fuel
rod model and a heat transfer regime map up to superheated steam is coupled with neutron
kinetics by the neutromn physical constants. One coolant channel per fuel assembly and ad-
ditional hot channels are considered. The activities for code validation and the range of

application are described.

DYN3D/M2 - EIN RECHENPROGRAMM FUR REAKTIVITATSTRANSIENTEN IN SPALTZONEN MIT HEXAGONALER
GEOMETRIE

Das Rechenprogramm DYN30/M2 besteht aus dem 3-dimensionalen neutronenkinetischen Modell
des Codes HEXDYN3D und dem thermohydraulischen Modell des Codes FLOCAL. 'ia Wsutronenkine-
tik von DYN3D/M2 wird mit Hilfe einer nodalen Entwicklungsmethode (NEM) fiir hexagonale
Geometrie berechnet. Die entwickelte Methode ldst die Neutronendiffusionsgleichung fir
zwei Energiegruppen. Mit Hilfe des Codes PREPAR-EC werden parametrisierte neutronenphysi-
kalische Konstanten flr eine gegebene Abbrandverteilung aus der MAGRU-Bibliothek auf eine
Eingabedatei von DYN3D/M2 geschrieben. Das Programm FLOCAL, das aus einem Zweiphasen-Stiro-
mungsmodell, einem Brennstabmodell und einer warmeubergaﬁgskarte bis lberhitzten Dampf
besteht, ist mit der Heutronenkinetik iiber die neutronenphysikalischen Kanstanten gekop-
pelt. Ein Kiihlkanal pro Brennstoffkassette und zusdtzliche HeiBlkanile werden betrschtet.

Die Aktivitdten zur Programmverifikation und der Anwendungsbereich werden beschrieben.

DYN3D/M2 — [IPOTPAMMA ZJA PACYETA ABAPUM C FEAKTWBHOCTEK B AKTKBHHX 3S0HAX

C TEKCATOHAJBHOH ['EQMETPUER

[Iporpauma OYN3D/M2 COCTOUT Y3 TpPEXMGDHON HeRTpPOHHO-KMHETHYeCKOH MOZEN: B EBuAE NIpOrpauuH
HEXDYN3D ¥ Tennoruzpaﬂﬂmqecxoﬁ Mozeny nporpauMh FLOCAL. B HelTPDOHHO-KUHETUUYECKON YacTh
DYN3D/M2 WMCHONb3YeTCH Y3J70BOE MEeTOX AJNA TEKCArOHaNbHOR reomerpun. C NOMOWLBL pa3patoTaH-
HOIO MeTOza pelaercs ypaBHeHne AuQ@ysuy HeHTPOHOB B ABYXI'DYRNIOBOM NpUOAUNEHuM. MOXiO
paccunTaTs CTAaNnMOHADHOE COCTOfHME ) HEeCTalUMOHapHOe noBeAeHMe. [lapaMeTpU3OBaHHHE (uauuec-
KUE€ KOHCTAHTH ZANA Z3HHOI'O COCTOAHWUA BHTODAHMA MOTYT COHTH NepelaHH C TOMONLH0 NDOIDaMMH
PREPAR-EC M3 GUGIMOTEKM MAGRU B BBOZHNA (alinm nporpaumu DYN3D/M2 , [lporpammda FLOCAL BEJIK-
YaeT MOIENIMPCBAHME AEYX(HIIHOTO TEUEHUA TEeNJIOHOCHTENA, MOBEIEHWA TBIJNA N KapTy Pexu:uoB
Tensonepezayy BIJOTH A0 NEPerpeToro rnapa u CBA3aHa ¢ HelTpOHHOM KUHETUKOH uepes HeiT-
DPOHHO~(W3MUECKUEe KOHCTEHTH. PaccuMaTpuBawTCHA CpenHui TenjAorMApaBANUECKui HaHam a8 xaE-
7Or0 naxeTa TB3I0B ¥ AONONRATENbHHE [OPAYNE KaHais. OnMchBanTCA PacoOTH MO anmpodauud

KOZa ¥ 00aacCTh NpUMEHNMMOCTH.
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1.Introduction

The model of the 3 ~ dimensional transient code DYN3D/M2 develo—
ped for thermal reactors with hexagonal geometry is described in
this paper. The code can be used for calculations of reactivity
initiated accidents (RIA) of VVER - type reactor cores.

If we consider moved control rods, a more detailed analysis of
cores in comparison to point and one — dimensional kinetic models
is possible by help of this code, describing the 3 - dimensional
effects of power release. Furthermore, the influence of different
changes of thermohydraulic properties in different assemblies on
the reactivity feedback is taken into account. Reactivity changes
induced by different changes of coolant inlet temperatures or
boron concentrations of fuel assemblies can be investigated also.
Several values being important for the safety margin as
DNB - ratio, fuel enthalpy, cladding temperature and degree of
oxidation are calculated. The transient processes in the core can
be investigated as long as the core geometry is maintained.

The code consists of two parts: neutron kinetics and
thermohydraulics, the connection of which is given by an parame-
terized dependence of the constants of diffusion equation from
the thermohydraulic properties fuel temperatures, moderator tem—
peratures, moderator densities and baoron concentrations.

The 3 - dimensional neutron kinetics based on the solution of
time dependent diffusion equations for two energy groups is trea-—
ted by using a nodal expansion method (NEM) developed firstly for
stationary problems /1/ and extended to time dependent problems.
The methods solving stationary and transient problem and the
dependence of neutron group constants are described in Chapter 2.
The thermobydraulic model of the core (code FLOCAL) is based on a
two phase flow model for flow regimes up to superheated vapour. A
simple model describing the fuel rod behaviour under transient
conditions is included in FLOCAL. A simple cross flow model is
under testing. The fundamental approximations of equations and
mathematical methods of FLOCAL are given in Chapter 3.

Some work for the validation of both parts neutron kinetics and
thermohydraulics was carried out. Benchmark solutions and compa-
risons with other codes are used for stationary problems. Reacti-
vity measurements and kinetic experiments at the zero power reac—
tor LR-0 were compared with the calculated results (Chapter 4).
the validation activties of FLOCAL are described in Chapter 5.
These activities involve validation of separate effect models,
comparison with similar codes and benchmark solutions, calculat-
ions to RIA experiments from literature and some sensitivity
studies. Some remarks to the range of application are given 1in

Chapter 6.
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2. Neutron Flux Calculation

2.1. Stationary Case

The 3-dimensional neutron distribution is calculated by solving
the diffusion equation for two energy groups with help of a nodal
expansion method for hexagonal geometry, used firstlyy in the
stationary code HEXNOD23 /1/. -

I¥f the core consisting of hexagonal fuel assemblies is divided
into a given number of slices, the nodes are the parts of the
fuel assemblies in each slice. The neutron group constants are
assumed to be spatially constant in each node n. The satationary
diffusion equation can be written in the following form

1 2

> n + e
Vﬁ?(r) + Er-¢2(r) = —:———’ Zlvzgg'wg(r)
eff 9°
(2.1)
1, > n n, - <>
vi3(F) + £R+43(F) = 20+6T(%)
with
@8 - neutron fluxes of group g
z?,zg,zg — macroscopic removal, absorption and transfer cross
sections
v?g - macroscopic fission cross sections of group g

multiplied by the number of fission neutrons

in the node n and
ket - stationary eigenvalue

Using Fick’'s law and the diffusion coefficients Dg we obtain
the relation between the currents Jg and g

38 = - DS'V‘PS(?) (2.2)

Integration of Eg. (2.1) over the node volume y" yields the
nodal balance equations

Fnsm n,m n 1 2 n
n n
2 J1’7 * Zpedy = Kk ) Zlvzfg'ég
VA eff
(2.3

n,m
5 Fiio n,m _ o0 .n no.n
& o J2 2292 = ZgtP



with
F*'™ - interface between node n and neighbouring node m
Qg - mean neutron flux of group g in the node n»
Jg’m - mean net current of group g at the interface Fhsm
. .A,m . .M, N . ]
Now the partial currents ig (outgoing) and ig (incoming)

are introduced by

ig'™= 1/2 (172 83" + ag'™
!
(2.4)
m,n_ n,m )
ig’l= 1/2 (1/2 &g*" - ag°™)

with the mean fluxes @S’m at the interface F'*™,

The interface conditions of diffusion theory are fulfilled in a
integral sense, i. e. at the interfaces continuity of mean fluxes
and net currents or continuity of mean partial currents in both
directions are required.

If n is a node at the system boundary and m stands for the outer
space, the following conditions are taken into account

iPP"= Rygestem
. . (2.5)

i2'"= Rp1+i7T"™ Rppei3°"
with given albedo coefficients Egg'.
Using the integral balance Egqs. (2.3) for solving the problem, we
need additional relations between mean fluxes Qg and partial
currents jg’m, jg’n, obtained by a approximate solution of diffu-
sion equation in the nodes. Considering in the following any node
Ny, we will omit the index n of the node. The partial currents at
the six radial surfaces of the hexagonal prism are signed by
jgfg’ jé?i (Fig. 1). jgf&, j;Tu and jg?}, 53?1 are the partial
currents at the upper and lower surface respectively.
In the applied method the space dependence of fluxes inside the

nodes is separated in the axial direction and the hexagonal plane

wg(?) = Qg'wg(x,y)'fg(z) (2.6)

Using for wg(x,y) an expansion with Bessel functiona and for

fg(z) an expansion up to the fourth order, we obtain the
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following relations between mean fluxes and mean partial currents
(see Appendix A)

jout=§p Y +§ Ewiaiﬁ.,-i’.‘ - . (2.7)
g,1 g”= 9,9 g9 i“=1 g =19%9 g -1 .

and
.out .in .in
ig,u = @g°*(®g + Cq,g) - ag*ig,u ~ bg*ig,1 *+ ng°C3,gq
. ] ] (2.8)
.ou .10 AN
ig,1 = ag*(®g *+ C4q,g9) — bg*Jig,u ~ ag*ig,1 ~ ng°L3,g

The coefficients and the equations for the coefficients C3’g and
Cs,q of the higher polynomials are described also in App. A. By
means of these relations, the integral balance equations (2.3)
and the boundary conditions (2.5) the 3-dimensional problem can
be solved. The numerical problem is treated by an iteration pro-
cess consisting of inner and outer iteration cycles. Fission
source iteration with Chebyshev acceleration technique is applied
for the outer cycle. Due to the good convergence only few inner
iterations (1 - 3 cycles) are necessary to reach a sufficient
accuracy. During the iteration process recalculations of the
matrix elements in Eq. (2.7) are necessary, but only few (4 - S
times) recalculations are sufficient by the weak dependency of
the elements from the transversal bucklings and kegff.
Non-multiplying nodes as reflector or absorber can be described
either by boundary conditions or by artificial assemblies with
equivalent diffusion constants.



2.2. Time Dependent Case

Calculating transient processes, we must solve the time dependent
neutron diffusion equation including the equations for delayed
neutrons for all nodes n

-)
31 (F,t) . : N
+ VIT(F,t) + SR(t)epl(r,t) =
vTBt
1 2 n n n,+ i >
= - I (1-Bg)vEfgreg(r,t) + T Ajeciir,t)
eff 9 i=1
(2.%)
-3
B3P (r,t) s R
.9.
~ + VID(F,t) + Zo(t)ega(r,t) = Z0(t) @l (r,t)
voat
n,6>
oejlr,t) 1 2 n n n, > n,2
e - . Zl (1-Bg) vEfg ogir,t) —Ajecj(r,t)
eff 9
J = 1,2,.00202,M
(2.10)
n g n .
Bg = B
g j=1 9,3
g = 1,2
where
n A
Vg ~ mean group velocities of neutrons
C?(?,t) ~ density of precursors of typ j
Bg,J - effective fractions of delayed neutrons of group j for
a fission with an incident neutron of group g in the
node n and
M ~ number of different precursor groups
Xj ~ decay constant for precursorg of group J

One set of decay constants 1s used for the whole core, because
the decay constants of precursors arising from different fissio-
nable isotopes are not much different. In thermal reactors the
main part of prompt and delayed neutrons comes from fissions by
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thermal neutrons. Therefore at the beginning of fuel cycle a
sufficient accuracy of time behaviour is reached by using only
one set of Bg j» which are the effective constants of the consi-

dered core.

Methods published in /2/ are applied for solving the time
dependent equations. Integrating over the node volume V' we

obtain the time dependent balance equations of the nodes

d@?(t) Fn,m
) Tty + Ep(e)-8T(t) =
vieat ™ V"
1
= )Z (1-Bg)vEFg(t)edg(t) + Z AJ-c,(u
eff 91
(2.11)
dég(t) Fn,m
) I32°™t) + =D(trea3(t) = =2(t)-aT (v
voedt ™ "
with
dC(t) 1
prandi gX Bg,jvETg(t) *@g(t) — Aj=Cj(t) (2.12)
eff
i=1,2,....,M
Cg(t) — mean value of precursor density c?(?,t)

AN exponential trangformation technique known for example from
/2/ is used for the time integration of Egs (2.11). We define

#g(t') = expl (t —t+at)l-dg(t’) (2.13)

for
t - At  t° £t

Using an implicite difference scheme we replace the time deriva-
tive of neutron fluxes in Eg. (2.11) by

dgg(t)

— ® ater(l a"at)e@g(t) ~ exp(Q eat)edgit — At)] (2.14)




Q" is given from the previous time step or can also determined
during the iteration process.

2 2
a" = 1/atelnll #g(t)/) 2g(t-at)] (2.19)
g=1 g=1

Assuming an exponential behaviour for ég(t) and vzgg constant in
the interval At, we can approximately integrate the equations of

precursors
n ~n
Cj(t) = Cj(t"At)'EXp(—Aj’At) (2.16}
n.
l-expl—(A;+Q )at] 1 2
+ : - 2 Bg,;vEtg(t) ~2g(t)
@" + A5 eff 9°

Inserting Eq. (2.14) together with (2.16) in Egs. (2.11) we
obtain an inhomogenecus stationary equation system for Qg(t). It
can be solved with help of relations between partial currents and
mean fluxes. Deriving these relations for the time dependent
problem, some approximations are applied. Thus we made the
assumption, that in Egq. (2.9) the source of delayed neutrons is
proportional to the prompt fission source /2/:

2

_)
18, 3VE1g (1) *eg (¥, t)
g=

cT(F, 1) = () (2.17)

V-3
n n n
Zgg,jvzfg(t)-@g(t)

and the time derivative is calculated approximately by assuming
an exponential behaviour with the Q" of the previous time step

",
awg{r,t) on R
: % *pglr,t) (2.18)

rn n
vg~6t vg

With these assumptions, Egs. (2.9) are transformed in homogeneous
equations, which can be treated similar to the stationary case
{Bppendix A) and analogous Egs. (ALl2) - (A18) and (R23) - (RAR7)
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are obtained. In the code the matrices of Egs. (Al2) are deter-
mined at the beqgin of each time step iteration. Similar to the
stationary case the time step iteration is split in inner and
outer iteration cycles. The outer iteration differs from the
homogenecus case by the additional fixed source of Eqs. (2.11).
Chebyshev scheme is also used for acceleration of outer itera-
tions.

Before using this method in the code DYN3ID/M2 the neutron
kinetics code HEXDYN3D and the dynamic code DYN3D/M1 including a
simple thermohydraulic model was developed.

2.3. Neutron Physical Constants

Applying & parameterized or tabular form for the dependence of
neutron group constants from the thermal quantities fuel tempera-
ture 72, moderator temperature TR, moderator density eg and the
mass specific boron acid concentration cg of each node n one can
calculate the constants of actual thermohydraulic variables. The
parameterized dependence used in DYN3D/MZ is based on the results
of the code PREPAR-EC and has for any cross section Z of (2.1) or
the diffusion coefficients D the following form:

=" = £5ef1 + aBe LTI YE - Ty, 00 ]2

o1 + 92,1'(93 - em,q) * BE,z-(eﬂ - EM,Q)z} (2.19)

cexpivaeL(TYY/2 - (Th 1721y

~n n_n ~n n N 2
*{1 + 83 1°(cgeMm — cB,p€M,0) * 83z,2°(cBeM — €M,08M,0) ?

with reference values 22, TM o» eM,o and CM,o- By help of the
caode PREPAR-EC an 1nBut flle wlth the needed constants {TM,o>
€M,os CB,o’ Zo) az, Bz 1 Bz 25 YE» Sz 1 and Sz 2} of a given
burnup distribution can be generated from the MAGRU-EC
library/3/.

Calculating the statiocnary state an iteration between neutron
flux and thermohydraulic calculation is carried out until a given
accuracy of the distribution is reached. The eigenvalue kgfg oOr
the boron concentration can be determined for a given power. The
time hehaviour of the group constants ig given by changes of
thermohydraulic properties for describing feedback or explicitly
by alteration of the typ in the case of moved control rod. Regar-
ding a time step at, the thermohydraulic properties of the last
step are used for calculation of neutron kinetics. AN iteration
between both parts of code is also poussible.
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3. ELOCAL -~ the Model for Core Thermohydraulic Analysis

3.1; Characteristics of the FLOCAL Model

The model for the evaluation of core thermohydraulics during
reactivity-initiated transients is based on following principles:

A

The core is represented by one-dimensional parallel coolant
channels . Each coolant channel is connected to a fuel
assembly. The channels can be considered as isclated (no
cross flow is taken into account) or a simple approximation
for the evaluation of cross flow between the channels can be
used. Furthermore , fictive hot channels can be considered
for analyzing the effect of power peaks , coolant temperatu-
re , flow rate or fuel parameters uncertainties.

The flow model (one— and two—-phase flow) is based on four dif-—
ferential balance equations for mass , energy and momentum of
the mixture and mass balance of the vapour phase. In this way
a dynamical description of thermal non—-equilibrium effects is
possible. The phase slip is taken into account in quasi-static

manner by a slip correlation.

The thermobydraulic model is closed by constitutive laws for
one— and two-phase frictional pressure drops , evaporation and
condensation rate , heat transfer coefficients and thermophysi-

cal properties of the phases.

For the fuel rod the one—~dimensional heat conduction equation

is solved.

In the following the set of equations is listed:

-momentum balance of the mixture

2 2
3/8tLeau,+(l-@)aiuyl + 8/8zlge,uy+t{i-¢@)ejull

+ 8pfrjic/8z + glye,+(l-9)e;l] + 8p/B8z = O (3.1)

-energy balance of the mixture

3/8t{ge,h,+(1-pleyjhyl + 8/8zlee,u h,+(1-plejuh1] = @ (3.2)

Q@ = alTy ~ T1IA/V




-mass balance of‘the mixture

3/0tlye,+r(1-9)eyl + 8/8zlge,u,+(1-9lejuyl = O (3.3)
-mass balance of the vapour phase

8/8t(gea,) + 8/8z(gayuy) = n (3.4)
-heat conduction equation

ecdT/8t = L1/r+8/8r(Ar-087/8r) + g . (3.3)
for cladding or fuel , g - heat source density,

-equations of state for the phases

Oy Ty lhy.p) Ty Fy(hy,sp)

(3.6)

e fi(hy.p) T Fithy,p)

—constitutive laws for frictional pressure drop 8pfric/9z , eva—-
poration and condensation rate p , slip ratio s=u,,/uj and
heat transfer coefficient a from wall to coolant.

h is the enthalpy , e the density , u the velocity of vapour (v)
or liquid (1) phase , ¢ is the void fraction and p the pressure .,

Introducing following two—phase mixture parameters

h = xh, + (1-x)bhj mixture enthalpy
G = gau, + (1-9leju;y mass velocity
e = gay, + (l-¢@lejy mixture density (3.7)
E
g = O@/dxeixgj+(i-x)a,] vapour mass transport
> - density
Vi = % /e9ey + (1-x)"/(1-g)ey inverse density for

momentum transport
and taking into account the relation between flowing quality x
and void fraction ¢

i

i+ (l—x)evs/xe1

the equations {3.1) to (3.4} can be transformed into the conser-~



vative form:

acs/et + B/BZ;GZVI) + Opfric/8z + ge + Op/Bz = O ‘ (3.8)
edh/0t + Gahs/8z = @ + AX/8t (3.9)
8g/0t + 0G/8z = 0 (3.10)
e*awlat + GOx/OG@*8p/0z = p : (3.11)

+ Ox/0p*[e Ow/Ox+*0p/Ot + GBp/0Oz)
with X = (hy=hp)[(1-@ixe; — @(l-x)e,]

Additionally ; & balance equation for soluble poisson (boron”écid
concentration) is considered:

g@dcp/8t + BGBcy/8z = O (3.12)

cg is the mass specific boron acid concentration in g/kg.
In this representation the two—-phase flow equations correspond to
the balance equations for a homogeneous or one—phase flow. In
this way numerical methods for one-phase flow equations can be
applied. The inhamogeneity of the flow is taken into account by
the definition of effective two—-phase flow parameters (3.7) what
leads to different effective velocities for mass , momentum and
energy transport and the additional source term 8X/3t in the
energy equation.

E Boundary conditions for the core (coolant inlet temperature ,
pressure , pressure drop over the core or mass flow rate and
baoron acid concentration at the inlet) determined by the coo-
lant 1loops behaviour , must be given as functions of time in
form of a table. Thermal power is taken fraom the 3D kinetics.
For coolant inlet temperature and boron acid concentration a
profile over the assemblies can be given. A lower plenum mixing
model Ffor the determination of this inlet profile from the
parameters of the primary circuit loops based on experimental
investigations for VVER-440 type reactors is under prepara-
tion.

The boundary conditions for coolant flow can be given in fol-
lowing options:

- flow rate for each assembly,

~ pressure drop over the core {(iterative estimation of assembly
flow rates with the condition of equal pressure drop),

-~  total mass Tlow rate through the core {iterative determina-
tion of flow rate distribution with the condition of equal

pressure dropd.



F A simple cross flow model based on the assumption , that no
radial pressure gradients occur , is available. In the frame of
this model mass flow rates in each axial node of each assembly
are determined by the conditions of equal pressure drop over
all nodes in the plane and given total mass flow rate mygy:

AR {,1% AP {,2 ... = AP i,k

Y mi,k = mi ot (3.13)
K

i - index of axial plane , k - index of coolant channel (assem—
bly).

Under steady-state conditions mg¢gt is equal for all axial positi-
ons , in transient processes the integral mass balance equation
has to be taken into account:

Zi+l
mi+l,tot = Mi,tot ~ Z Akl Ba /06t dz (3.14)
i

In this way the mass flow rate redistribution is evaluated , but
the energy and momentum transfer by cross flow is not taken into '
account (the balance equations are solved without exchange
terms). Turbulent mixing is also neglected.

The method allows a very fast estimaton of cross flow effects
assuming the cross flow resistance coefficients to be zero ,
while in the approximation of isclated channels they are assumed

to be infinite.
3.2. Constitutive Equations in the Thermohydraulic Model

Single pressure drops can be located at the inlet and the outlet
of coolant channels and at spacer grids positions. They are
descrihed by resistance coefficients 4.

The two-phase multiplier for single pressure logsses is estimated
by the homogeneous model:
G2
APsingle © é';;:'éhom s ®hom = 1 + x(e1/e, -1) (3.15)

The friction coefficient for the fuel rod bundle is evaluated by
a correlation of FILONENKO with a bundle correction , the two-
phase multiplier for the frictional pressure drop is determined
by a correlation of OSMACKIN , following literature recommenda-

tions /4/.
¥ in eguation (3.11) describes the evaporation rate by heat
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supply and condensation rate in subcooled liquid. Adiabatic eva-
poration due to pressure change is taken into account by the
second sgurce term in equ. (3.11). For p a modification of the
subcooled boiling model by MOLOCNIKOV /S/ is used:

hy - hgg
tanh (3,5 —_Z;——___) for hy > bhpg
Hevap = xq9"/r , x = BO
{(3.16)
o for hy < hgg

g” is the thermal power density in the coolant , r is the evapo-
ration heat , hbgg the liquid enthalpy at boiling onset, &hgg =
hsat — hpo-

The onset of subcooled boiling is assumed , when the cladding
surface temperature approaches the transition point from convec—
tive to boiling heat transfer , determined by the used heat
transfer correlations. The condensation rate in subcooled liquid
is described by the expression :

(h1 — hgat)

-1
Hcond = C*F(G) e [1+5exp(—209)]1 , C=-17m
r
- . . 2
F(G) = max {f{(g) , 400} in kg/{(m s) ,
G if 3 < p < 10 MPa,
f(B) = 300 (6/7400)P’>  if p < 3 MPa, (3.17)

2000 (6/2000)P71° if p > 10 mPA

Here a modification of the original model is made ( in the origi-
nal model F{(B) = G) , what improves the results in comparison
with experiments , especially at low and high pressure values
(see section 3).

For the calculation of the phase slip ratio the corresponding to
the MOLOCNIKOV model slip correlation is used :

. 172
s = u,,/uy = 1+(0,6+1,53)/Fr0 25-(1~p/pcrit)[1—exp(—208)]
{1-x)ay, {3.18)
g =1+ —— ]_1 , Fr is the Froude number.

XQl

An important role in the reactivity transient analysis plays the
heat tranfer from fuel to coolant. It affects , on the one hand ,
the fuel temperature , being an important safety parameter , and
influences the nsutron kinetics behaviour via Daoppler effect. On
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the other hand , heat transfer crisis can occur at the cladding
surface leading to wall superheating , what can result in
cladding destruction.

The wall—to—-cooclant heat transfer model in FLOCAL is based on the
heat transfer logic given by Fig. 3. In the pre-crisis region
standard correlations from literature for one-phase liquid con-
vection , boiling heat transfer and convective heat transfer in
annular Tflow (regimes 1-3) are used /4/. The occurence of boi-
ling c¢risis in low and high gquality region is established by
several correlations (OKB -2 /&6/,IAE - 4 /7/ or BIASI /87 for
burnout , DOROSHCHUK - NIGMATULIN /9/ for dryout).

In +7/ a dynamical correction of the critical heat flux for
transient processes is proposed introducing the retardation ef-—

fect in heat flux integrals , which occur in the CHF - correlati-—
ons 3 .
z z -z )
wiz) = [ a"(z 6 = ——— )ne™MEZ) squia,t) dz-
W
o .
z z - z° (3.19)
H(z) = I q"{z",t -~ —)/q"(z",t) dz°
w

0

To avoid the relative expensive numerical calculation of the
retarded heat flux integrals , an analytical estimation of the
retardation effect is made , assuming an exponential change of
heat flux in time with constant spatial shape. This dynamical
correction can be applied to the BIASI -~ and 1AE-4 correlations.
The transition boiling region (regime 4) is described by the
KIRCHNER and GRIFFITH interpolation for the heat flux q" /710/:

v In(a"crit/qa"mMsFB)
qu o qucrit(Tw/Tcrit) s ¥ = (3-20)
In{(Terit/TMSFBY

q"crit is the critical heat flux.

The minimum stable film boiling point (Leidenfrost — temperature
TMFSB3 is determined by a correlation based on experimental re—
sults from literature /711/:

TMsFB = Tgat * 100 + B(Tgay — T3) (3.21)

In the stable post-crisis region {inverted anmnular flow or dis-—
persed flow , regimes 5/6) the heat transfer coefficient is de-
termined ag the maximum of the MIROPOLSKIJ and modified BROMLEY

correlation .



The effect of subcooling due to thermal non—equilibrium is taken
into account by following correction factor to the post-crisis
heat transfer coefficient:

3 (3.22)

dpc = ApclT1=Tgat) *(2Tgat/Ty — nt
After full evaporation of coolant , heat transfer to superheated
steam is estimated by a forced convection correlation (regime 7).

The described heat transfer model allows the extension of thermo-—
hydraulic calculations beyond the DNB-limit and the estimation of
wall temperatures in the post-crisis region.

3.3. Fuel Rod Model

For the evaluation of fuel and cladding temperatures the one-
dimensional heat conduction equation in cylindrical
geometry (3.5) is solved.

Thermal conductivity of fuel Afy and cladding A.3 can be constant
or depending from temperature.

Gas gap between fuel and cladding plays an important role in the
heat transfer behaviour. By this reason a simple deterministic
gas gap model for short—time processes was implemented and can be
used as an option. In the frame of this model the heat transfer
components by conduction through the filling gas , radiation and
conduction in the case of fuel—cladding contact are taken into
account.The modeling of this heat transfer components is similar
as in typical fuel rod behaviour codes {GAPCON-THERMAL ,SS8SYST).
The input information for the gas gap conductance model (cold gap
width and gas pressure , gas composition) has to be got from
detailed fuel rod analysis codes like STOFFEL /712/.

The model for the gap behaviour involves a simple modeling of
cladding mechanics in membrane approximation including

~the determination of thermal and elastic deformations,

-the estimation of plastic deformations of the cladding , when
the stress exceeds the yield point.

Plastic deformation can significantly influence the heat transfer
behaviour in the high temperature region. In the typical fTor
reactivity accidents situstion when the outer pressure {(coolant
pressure) exceeds the inner gas pressure , plastic deformation
leads to the closure of the gap and to intensification of heat
transfer to the coolant.

Further , the metal-water reaction in high temperature region is
considered. The additional heat source from this reaction is
taken into account and the oxide layer thickness D is estimated
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on the basis of the equation:
‘ , 2 ‘
DedD/dt = A/C *exp(-B/T) (3.23)

where T is the wall surface temperature and A,B,C are constants.

The evaluation of cladding temperature , cladding stress and
degree of cladding oxidation together with fuel enthalpy value at
each axial position of the rod gives the possibility of fuel rod

failure estimation.

3.4 Numerical Methods and lterative Procedures in FLOCAL

In the following a brief characteristic of the numerical methods
for solving the basic equations of the thermochydraulic model will

be given. .
The equations for energy balance (3.9) , vapour mass balance

(3.11) and soluble poisson (3.12) are given in the conservative

form :
gys/8t + udy/8z = q

That's why the method of characteristics with linear interpolati-
on between the mesh points can be used :

yIil = (1= )yT+e1 + eyl + at/2¢q7 t+q]) if e<1
yItt = (1-e)/eeyTt + 1/cey] + at/zef(2e-1)/c+q7 41/ceq])
if c > 1 (3.24)
is here the Courant parameter ¢ = udt/4z , n = time step index ,
i = mesh point index.

The finite difference representation of the momentum balance
equation (3.8) is implicit with guasi-linearization of the qua-

dratic terms 3

(Gn+1)2 - 2.Bn-f-lan _ (Bn)z

Together with the implicit finite difference representation of
the mass balance equation (3.10) it performs a system of linear

algebraic equations

N+l - N+l n+1
Pi+vy = Pi + 233643 T+ 32132+1 + byj
, (3.25)
n+1 n+l
Gi+1 = Gi + bzi
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which 1s solved introducing the Ricatti transformation
p=Ger + s (3.26)

In this way a simultaneous determination of pressure and mass
velocity distribution for parallel channels with pressure drop or
inlet mass flow rate boundary conditions is possible. In the case
of given total mass flow rate through the core an additional
iteration level is necessary. Pressure drop over the channels is

corrected in the way :

(j+1) (i) 12,0 + 1 - @) (3.27)

op = Op C(mtot,o/méé%

Mtot,0 is the given total mass flow rate at the core inlet , j is
the iteration number and © a relaxation parameter (usually 0,5 <

e<1) ,

Mot,0 = E AKBO, Kk (3.28)

AL — flow cross section of the assembly (channel) number k.
When cross flow is taken into account , the mass velocities are

corrected by following procedure @

{(m)
« Gi,k Miot, i
Bi,k= .
aei™)
kY1, k
172
(4Pi,k) g 7 1/2
(apj , k)
(3.29)
X
6iMt) = e &F,x + (1-&) B}
i - index of axial mesh point , k = index of coolant channel ,
m — number of iteration , Apj k = Pi,k — Pi+1,k » the total mass

flow rate at the level i is determined by equation (3.14}.
Pressure distribution is obtained from squation (3.23).
This iteration procedure is repeated until the condition

8pi x — &P !

max {< EPS with Ap; =1/NK Y Apj K (3.30)
K op; | <
is satisfied. In this way the conditions {3.13) for cropss Tlow

it can be empbasized , that the iteration procedure for the cross



_13_

flow case is as fast as for the case of insulated channels.

The heat conduction equation (3.05) is discretizised introducing
effective heat transfer coefficients between radial fuel zones
and to the cladding. This coefficients are determined from the
exact analytical solution of the steady-state equation with
piecewise constant heat conductivity. In this way a good accuracy
already for a few fuel zones is reached. In the case of temper-—
ature dependent heat conductivity an iterative solution of the
heat conduction equation is necessary. For the time dependence
the CRANK~ NICOLSON-scheme is used. '

Iterative procedures are also necessary for the determination of
the heat transfer coefficient in the post-critical region (depen-
dence from cladding surface temperature) and the void fraction
(dependence of the condensation.rate from @).

After the solution of the heat conduction equation for the fuel
rod (using heat fluxes at the cladding surface from previous time
step) the heat transfer package is called and new heat transfer
coefficients and heat fluxes are determined. For the limitation
of heat flux change rates per tims step a‘time step control pro-—

cedure is used.

4, Verification of Neutron Flux Calculation Part

Some work carried out on this field was and will be published.
Therefore it is mentioned here only. Following calculations were

performed:

A 2 - dimensional stationary flux calculations were compared with
benchmark soclutions for the reactor VER-440 /1/. The accuracy
of the used method is in the order of 0.05 %Z deviation of the
eigenvalue and 1.6 7% maximal deviation of assembly power.

B 3 - dimensional stationary results could be compared only with
other codes, because a benchmark solution does ' nt exist until
now. A good accuracy of the code can be assumed for examples of
YVER~-440 /1/ and VYVER-1000 /13/.

C Measured reactivity weights of VVER-440 are compared with
calculation of the stationmary code HEXNOD23 in Table 1. We see
that the results of calculations are in the range of
experimental accuracy.

In Fig. 2 the critical boron concentrations in dependence from
the positions of absorber bank K& is shown for experiments at
hot zero power carried out at unit 5 of NPP Greifswald (GDR).
The measured boron concentration is a little higher in compari-
son  to the averaged curve from experiments at several units
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VVER-440 in CMEA countries. The calculations performed with
data from MAGRU library /3/, underestimate the absorber weight,
because it must be assumed that the cross section of absorber
assemblies describes the reactivity weight inaccurate, if dif-
fusion theory is used (Fig. 2). Equivalent constants based on
flux behaviour near to the absorber boundary gives probably
better results. Here the absorption cross section was adjusted
to describe the reactivity weight in agreement with measure-
ments. As can be seen also in Fig. 2, the deviations to experi-
ments are smaller. If we compare calculations and measurement,
we must notice that the boron concentration is measured with

the accuracy of 0.15 g/kg.

D Kipetic experibents at the zero power reactor were used for
verification of neutron kinetic part. Results of comparison for
'S representative measurements of 9 experiments during the
‘3 stages of the years 19686,1987 and 1988 are given in /14/.
Reactivities and time behaviour of detector rates at several in
core positions were compared with results of DYN3D/M1. Parts of
the comparisons are also given in /135,16,17,18,1%9/.

5. Validation of the FLOCAL Model

For the FLOCAL model validation following activities are carried

out:
A validation of separate—-effect-models with steady-state experi-

mental results , particularly
~verification and modification of the used subcooled boiling

madel by MOLOCHNIKOV /5/,
~calculation of critical heat flux experiments in tubes and rod

bundles 720,21,22/,
-comparison with wall temperature measurements in the post-
crisis region /20/. i

The Figures 4 and S show some results of subcooled boiling

calculations in comparison with experimental data from litera-
ture /237 and demonstrate the improving effect of the boiling
model modification made. Fig. & shows an example for wall tem-—
perature calculation for the BENNETT experiments , mentioned
in /20/. For tube geometry the BIASI critical heat flux corre-—
lation gives the best prediction of boiling crisis onset. The
MIROPOLSKIJ heat transfer correlation gives satisfactory
results for post-critical wall temperatures.

B Comparison with other codes
Comparison with similar codes were carriad out on some test
cases simulating loss—-of-flow conditions and power excursions.
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Fig. 7 shows the results of an international benchmark problem
involving a transient initiated by instantaneous application of
a uniform heat source to a section of a 7 m long pipe /26/,
obtained by the benchmark code MECA and FLOCAL. The code MECA
includes pressure wave propagation which is not considéred in
FLOCAL .

For the cross flow model comparisons with exact solutions for
sample problems /24/ were done. It was seen , that the effect
of flow diversion from hot to cool channels is underestimated
by the FLOCAL model , but a rough estimation of cross flow
effects in comparison with the approximation of isolated chan-
nels 1is possible. 'The outlet vapour mass fraction of the hot-
test channel is 18.4 % for the exact solution, 16 % for FLOCAL
and 34.46 % fTor isolated channels. FLOCAL results were aiso
compared with calculations for a loss of main pump power tran-—
sient for a VWVER-440 , carried out by the help of code COBSOF,
which 1is a modified version of the code COBRA-I1IC/25/. While
COBSOF gives a minimum DNB-ratio for the hottest rod during the
transient of 2.80, the FLOCAL values are 2.85 taking into ac-
count crossflow and 2.60 without cross flow. Here the same CHF-
correlation is used (OKB without formfactor). Investigations
have shown that model uncertainties (use of several CHF-correl-
ations, gas gap heat transtfer modeling) exceed the cross flow
effect significantly , when the differences in thermal conditi-
ons for several coolant channels are not very large. -

Calculations to RIA experiments from literature

Calculations to fuel rod behaviour during fast power excursions
play an important role in the verification of a thermohydraulic
model for reactivity-initiated transients analysis. Fig. 8
shows calculated temperature curves obtained by FLOCAL in com-—
parison with results from RIA experiments /27/. In the experi-
ments the influence of subcooling on wall temperature behaviour
was investigated. The calculational results agree fairly well
with the expesrimental data , with the exception of a coolant
subcooling of 80 K. In this case the experimental wall tempera-
tures are remarkably underestimated by FLOCAL. Calculations for
another RIA experiment /28/ with a coolant subcooling of 80 K
show a better qualitative agreement with the measured wall
temperature behaviour (see Fig. 9). This discrepancies could
not be removed by some variations of the heat transfer model.
We see that on the basis of the contradictory results for the
considered experiments no unambiguous recommendation for one of
the investigated heat transfer models can be given. Further
work has to be done in this direction.



D Sensitivity studies

For investigation of the influence of model uncertainties some
sensitivity studies on test cases were carried out . In this
studies gas gap model and post-crisis heat transfer model were
varied. One of these test cases was EXKURS-F , an idealized
example for a power pulse at VWER-conditions. In this test case
a power peak of variable relative heigth F and half-life time
0,4 s starting from normal stationary state at burn-up A is
assumed. The input data for the gas gép model for several va-
lues of A were obtained from the code STOFFEL /12/. As a result
of this investigations following conclusions were pointed ocut:

~The use of different critical heat flux correlations gives no
significant differences for the considered process, because

the heat transfer crisis occurs very fast.

~The discrepancies between several non—equilibrium corrections
of the post-crisis heat transfer coefficient are not so large
for power reactor conditions (high pressures , low or medium
subcooling) as Tor the RIA experiments conditions {low
pressure). Differences between maximum cladding temperature
values calculated by the help of several investigated models

are lower than 75 K.

~The choice of Leidenfrost point correlation is of significant
influence. The used correlation (3.21) gives conservative
results in comparison with the other investigated models. The
differences in time until rewetting due to different
Leidenfrost points cause differences in oxide layer thickness
up to 100 % (between 19 and 38 pm).

-An underestimation of the gas gap conductance is not necessa-
rily conservative. It causes higher fuel centerline temperatu-
res , but a less extent of boiling crisis and lower cladding
temperatures. Plastic deformation of cladding in the high tem—

perature region leads to intensification of the heat transfer

by closure of the gas gap.
~The model is able to predict qualitatively the fuel rod failu-
re. The calculated Tailure limits for the test case EXKURS
agree with criteria given in /297 (fuel rod failure at fuel
enthalpy wvalues h $ 250 cals/g for fresh fuel , decrease of this
limit to h 2, 100 cal/g for depleted fuel with A=23000 MWd/t U).
Some results of the test case calculation are shown in
Table I1I.
The results of the described first validation activities for

the thermpohydraulic module FLOCAL demonstrate the applicability
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of the code for reactivity—-initiated transients analysis , but
also show the need of further model improvements.

6. Range of Application

The range of application of the code DYN3D/MZ2 is given by
following characteristics: '

- calculations of reactivity transients can be carried out - by
assuming intact core geometry

- determination of the stationary state

— reactivity changes can be induced by
+« motion of control rods ‘
+ changes of inlet coolant temperatures of fuel assemblies or

coolant flow rate '

« changes of boron concentration

- depending on the core symmetriy during the transient process
calculatiqns with 30 degree reflectional, &0 degree rotatio-
nal, 120 degree rotational, 180 degree reflectional (2 types)
symmetries and for the whole core are possible.

~- inlet coolant temperatures of fuel aésemblies, mass flow rate
or pressure drop and system pressure must be given (constant
or as functions of time)

- a limit for the fuel rod model is fuel or cladding melting

— the thermohydraulics works from one phase liquid flow up to
superheated steam (flow reversal can't be treated at present)

The code was applied to a rod ejection accident at a VVER—-1000
reference core/1%/. Regarding a feedback induced reactivity tran-—
sient during a LOCA of VVER-440 at hot zero power the dependence
of feedback reactivities from the thermohydraulic state was cal-
culated with the stationary part of this code. The obtained reac-—
tivity behaviour was used for the point model of code
RELAP4/MOD&/30/ .



Appendix A3
Inner Nodal Relatigns

With help of the assumption
-’
Pglr) = @geyg(x,y)eTq(z) (A1)
and the normalizations

1/FHEX-IdF°\vg(x,y) = 1

FHEX
(AZ2)

1/Az-£dz'fg(z) = 1
A

with
FHMEX — area of the hexagonal assemblies
Az - height of node

one obtains by inserting in the neutron diffusion equations (2.1)
and integration over az the following 2-dimensional diffusion

equation
1 2
~DyByyX1(%,y) + Za1*%i(x,y) = L vEggrXglx,y)
e Kk g=1
eff
(A3)
—DoagyX2(x,y) + g X%2(x,y) = Eg*X1(x,Y)
where
Xglx,y) = ég'wg(x,y)
_ 2
Za1 = Zy + D3Bz (A4)
2
Zaz2 = E5 + D2Bz 2

The transversal bucklings are calculated from the mean partial

currents by

1 i )

2 .out _ .in out _ .in

PgBz,g = "lig,1 = Jg,1 * Jg,u T Jg,u) (AS)
Az'ég



We define

Xg(x,y) = egepix,y) . (A6)
where p(x,y) is a solution of the 2-dimensional Helmholtz equa-
tion

Ayy(x,y) + BZep(x,y) = 0 (A7)

Iinserting assumption (A&6) with Eq. (A7) in Eqs. (AJ3), we find two
values of bucklings B~ by solving the corresponding quadratic
equation. Xg(x,y) can be composed by the two solutiogs for funda-
mental (index F) and transient (index T) bucklings B™.

Xglx;¥) = eg F*PFix,y) + eg 7°PT(X,Y) - (AB)
The relations between ez p/e; g and e 1/e@; T are given by
- 2
ezx/ey = 25/ (232 + D2B7) (A?)
3 2 . . 2 2
if B” is replaced by the corresponding values BfF or BT.

Introducing polar co-ordinates (r,@) we can expand the
solutions of the Helmholtz equation in a series of Bessel

functions

F s AF F_.
PE(x,y) = Ag*Jg(BFr) +IZEA1C°5(1¢) + Cisin(le)]*Jd)(Bfr)

for Bg 2 0
(A10)

T . .7

PT(X,Y) = Agelg(Byr) +}L§Glcos(lw) + CIsin(1¢)]’11(BTr)
2.1/72

for B% <0 and Bt = (-By)

where J; are the Bessel functions of first kind and I; the modi-
fied Bessel functions /31/. Here we assumed B > O and BT < 0,
but in the general case that is not necessary and the typ of
Bessel functions depends only from the corresponding value of B .
Inserting the expansions (A10) in the Eq. (RAB), we can determine
the coefficients Az and Ag from the mean nodal fluxes Qg, provi-
ding that we integrate instead over the area of hexagon approxi-
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mately over the cycle with the mean radius ;, defined by
F o= (Fuex/m 172 (AL1)

The next lowest coefficients of the expansion are determined by
the 6 incoming partial currents j;Ti at the 6 surfaces of hexagon
(Fig. 1). Calculating the mean values of partial currents on the
related face, we integrate in the expansions, derived from
Egs. (A10) for the partial currents, also over the mean radius r.
Besides A, the coefficients A;, A, A4, Ci, C2 and Cz give 1li-
nearly independent contributions to the incoming currents. There-
fore these coefficients of fundamental and transient part can be
expressed by the incoming currents. After that the coefficients

can be used for the expressions of outgoing partial currents jgfﬁ
and one obtains after troublesome calculations, being not
demonstrated here, the wanted relations (2.7)
out s § § ii’ .in
Jg,i = Paq’ *%q° + Wagq *ig’.i’ (A12)
g,1 g”= ag g i"=1 g.=1gg g .1
with .
: -1
P11 P12 111 7 He O 1 ey
=3 . » (A13)
P21 P22 &F 1 0 HT &F 1
and € = ep fF/e1,F and €y = ey t/ez2,T-
If for example Bg > 0 and B% < 0 is assumed, we obtain
He = (Bpr)+Jg(Bpr)/Jy (Bgr)
and (Al4)
Hr = (Byr)e*Ig(Byr)/I1(Byr)
i’ matrices

Considering the wé:g' regarding the indizes i,1" as
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{wg,g-}, we can write

Rgg: Sgg-
Sgg: Rgg® Sgg' Tgg-

Tgg® Sgg' Rgg® Sgg: Tgg' UYgg-

(Wgg'? = (A15)
Ugg: Tgg' Sgg’ Rgg’ Sgg: Tag- :
Tgg® Ugg® Tgg' Sgg’ Rgg® Sgg-
Sgg: Tgg® VYgg® Tgg: Sgg- Rgg

In consequence of the hexagonal symmetry the matrices consist
in four different elements only, given by

Rgg® = 1/6( ZKég' + 2Kgg' + Kgg' - 8gq-
_ 1 2 .3
Sgg® = 1/6( Kgg- Kgg® ~ Kgg' ~ %gg-
(Al6)
Taq: = 1760 —Kio. = K2, + Kog- - 8aq-)
gg’ ~ ag gg gg gg
_ ol 2 .3
Ugg: = 1/6(-2Kgg- + 2Kgg- Kgg’. — 8gg’)
and
n n n+ n+ n- n— -1
Ki1 Ki2 ai1,F ©T121,7T ai1,F €T1e1,T
= . (AL17)
n n n+ n+ n-— n~—
K21 K22 fFaz,F az,T €Faz,F az,T »
where
i+ I3 _ _ B _
ag,F = —'g,‘t_{3J1(BFr):_DgBF[3J'3J1(BFr)/(BFV')—(3/2I3+T!)JQ(BFI")]}
- 1 (A18)
ag,F = “T&w (343J2(Bpr)*DgBpl16J2(Bpr)/ (Bpr)—10J1(Bgr) 1}

BI3
agfp = TR (BI3/933(BFr)+DgBrl6J3(BEr)/ (Ber)-3J2(Brr) 12

and Gggv - Kroneckers symbol

The same relations are obtained also for the transient terms. In
the case of Bz < O the ordinary Bessel functions J; must be
replaced by the modified functions 1.

Now the required relations between mean partial currents and
fluxes of the Z2-dimensional hexagonal problem are found and we
regard the axial problem. The equations are obtained after inser-
tion of (2.6} in Egqs. (2.1) with (2.2) and integrations over the



area of hexagons Fhpy-

a2 ' 1 2

Dy hy(z) + (Zp + Dlaf,l)-hl(z) = —— 1 vEggrhgl(2)
dz _ keps 951
(A1)
a2
D2 hz(z) + (Za + D2BZ 2)eha(z) = Eg+hy(z)
dz
with
hg(Z) = @g’fg(Z)
and the transversal bucklings
2 &
z ) Geut - idTo (AZ0)

DB = —
97r»9 3de i1

where d is the distance of parallel sides of hexagons.

The equations will be treated with methods similar to those

used for rectangular geometry /2/. The neutron flux hg(z) is
expanded in polynomials up to the 4 order

hg(z) = @g&g(w) + 1/2[hglzy) = hg(z1)] &1(w) +
(¢g — 1/2[hg(zy) + hg(z1)1)&z(w) +
C3,g&3(w) + Cg,g64(wW)

where
(AZ21)
&plw) = 1
&1(w) = 2w — 1
Eo(w) = 6wl — w) — 1
Ex(w) = &w(l — W) (2w — 1)

&q{w) = bw(l - w)(Sw2 - 3w + 1)

w = (z — z1)/4z2
z7 £z Lz + Lz = ozy

zy and z, are the axial co—ordinates at the lower and upper boun-—
dary. With help of Fick's law Eq. (2) for the net currents at
lower and upper surface of node and

.out _in
hg(zk) = 2(jg,k * Jg,k) (R22)
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we obtain the relations (2.8) between partial currents and mean

fluxes
.out .in .in
ig,u = agl{@g * Cg,4) ~ ag*ig,u ~ bg*ig,1 + ng*C3,g
t in in‘ (A23)
. Ou . .
jg,1 = @gl{®g + Cg,4) — bg*ig,u — ag*ig,1 — nMg*C3,q
with
6xg
Qg = ———
g 12x +1
g
2
48xg—1
29 T T(12x _+1) (4x +1)
2x N
g xg
8xg
bg = (A24)
(1Z2x +1)(4x _+1)
=] g
6xg
g = 4x +1
g
xXg = Dg/Az

By weigthing the Eq. (Al9) by &3 and &7 and integrating over
Az algebraic equations for the higher coefficient C3,g

2
(ay3+60D03/7/a8z )*C3z 1 + a12°C3, 2 = S/6{ajlhy(zy)—hg(z1)1]
+ ajzlha{zyl-ha(2z1)1}

(A23)

2
321.C3,l + (azp+60Ds/ Az )'C3’2 — S/é6{apilhi(zy)—h1(z3)1]

+ apolhp(zyl)—h2(21)1}




and similar for Cg4, g

(all+14OD1/A22)'C4,1 + a12+C4,2 7/3{a11(P1-1/2Chy(2y)+hi(z1)1)
+ a12(®2-1/20lho(z,)+ho(21)3)2

(RZ26)
7/3{anp1(@1-1/2[hy(zy)+h1(z1) 1)

a21'C4,1 + (322+140D2/A22)’C4,2

+ azo(®-1/2Cho(zy)+ho(21)1)1}

)

with

= y, B2
a1 = B0 + DB 1 — vEsi/kess
a1z = = VEf2/ketf

(A27)

azy = - Zg

_ 2
agz = Za + D2Br 2

are given.
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Table I : Reactivity e (%) of control rod banks of
VVER-440 reactor
Cexp fexp €calc
bank unit 2 unit 3 HEXNOD23
Ké 1.8 + 0.10 1.83+0.13 1.74
KS 0.48+ 0.01 0.49+0.005 0.44
K3,K4 5.40+ 0.53 5.12+40.35 5.14
K2 1.39+ 0.19 — 1.20
Table 11 : Results of investigation of the power pulse test
case EXKURS by FLOCAL
parameters energy max. max. time of
of test depos. fuel wall full re-— fuel rod
case in fgfl temp. temp. wetting behaviour
/calg /| /*C/ /°C/ /’s/
A=0 ,F=30 109 1730 821 15.6 closure of gap
by plastic def.
starting
A=0 ,F=75 202 2633 1310 18 cladding
oxidation
oxide laver
A=0 ,F=90 233 2877 1644 >20 20um, starting
fuel melting
extensive fuel
A=0,F=120 252 >2850 >1850 — and cladding
melting
fuel-—<cladding
A=20,F=30 123 1942 841 ?.8 contact
Scont < Oy
possible clad-
A=Z25,F=30 122 1920 805 2.0 ding rupture
Jeont > OV
F = height of power pulse relative to stationary state

A

= burnup in 104 Mid/7t U




Fig. 1: Hexagon with partial currents and polar
co-ordinate system
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Fig. 2 : VVER-440: C/E — comparison of critical states
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A

heat transfer crisis 7

5,6

Tsat TMSFB T
1 one-phase liquid convection
2 boiling heat transfer
3 convection in annular flow
4 transition boiling
5,6 film boiling
(inverted annular or dispersed flow)
7 convection to superheated steam

Fig.3: Heat transfer logic
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Fig. 7 FLOCAL results (mass.flow rate m) for a benchmark problem
involving a transient initiated by instantaneocus heat suppl.,

to a section of a pipe /2&6/
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Fig.9 Resuits for a RIA experiment at the
IGR facility , subcooling T = 80 K,
E = 360 cal/g, = 300 ms
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